We present results from the Weather on Other Worlds Spitzer Exploration Science program to investigate photometric variability in L and T dwarfs, usually attributed to patchy clouds. We surveyed 44 L3-T8 dwarfs, spanning a range of J − K s colors and surface gravities. We find that 14/23 (61% +17% −20% , 95% confidence) of our single L3-L9.5 dwarfs are variable with peak-topeak amplitudes between 0.2% and 1.5%, and 5/16 (31% +25% −17% ) of our single T0-T8 dwarfs are variable with amplitudes between 0.8% and 4.6%. After correcting for sensitivity, we find that 80% +20% −27% of L dwarfs vary by ≥0.2%, and 36% +26% −17% of T dwarfs vary by ≥0.4%. Given viewing geometry considerations, we conclude that photospheric heterogeneities causing >0.2% 3-5 µm flux variations are present on virtually all L dwarfs, and probably on most T dwarfs. A third of L dwarf variables show irregular light curves, indicating that L dwarfs may have multiple spots that evolve over a single rotation. Also, approximately a third of the periodicities are on time scales >10 h, suggesting that slowly-rotating brown dwarfs may be common. We observe an increase in the maximum amplitudes over the entire spectral type range, revealing a potential for greater temperature contrasts in T dwarfs than in L dwarfs. We find a tentative association (92% confidence) between low surface gravity and high-amplitude variability among L3-L5.5 dwarfs. Although we can not confirm whether lower gravity is also correlated with a higher incidence of variables, the result is promising for the characterization of directly imaged young extrasolar planets through variability.
spots, and may be difficult to distinguish from cloud structures with similar temperature differentials. There is evidence from radio observations that flaring activity extends even into the T dwarfs (Route & Wolszczan 2012) . However, in general the neutral atmospheres of L and T dwarfs are considered too electrically resistive to support magnetic starspots (Mohanty et al. 2002; Gelino et al. 2002; Chabrier & Küker 2006 ).
More recently, temperature fluctuations driven by deep atmospheric instabilities (Robinson & Marley 2014) or by jet or eddy circulation in the stratified layer above the convective zone (Zhang & Showman 2014) have also been invoked as sources of brightness heterogeneities on brown dwarfs. The former process may be important in late T dwarfs, where the radiative time scale is long enough so that the temperature fluctuations dissipate on time scales longer than a minute. The Zhang & Showman scenario might offer an alternative to patchy clouds, even if it may also drive the creation of cloud heterogeneities. Still, Radigan et al. (2012) and Apai et al. (2013) show that temperature fluctuations alone can not account for the observed color and spectral variations of brown dwarfs near the L/T transition.
Like patchy clouds, these other mechanisms are also expected to produce rotationally modulated brightness variations. Given the presence of condensates in ultra-cool atmospheres, clouds likely contribute to the observed variations regardless of the underlying mechanism that generates them.
Detecting Patchy Clouds through Periodic Variability
Numerous attempts to detect periodic flux variations in L and T dwarfs have been made over the past 14 years. The majority of these have been ground-based, with detection thresholds of 10-100 millimagnitudes (mmag) on time scales of tens of minutes to weeks (e.g., Bailer-Jones & Mundt 2001; Gelino et al. 2002; Clarke et al. 2002 Clarke et al. , 2008 Enoch et al. 2003; Koen et al. 2005; Goldman 2005; Khandrika et al. 2013; Girardin et al. 2013; Wilson et al. 2014) . The detections or evidence for periodicity have often been marginal, and in some cases unconfirmed in subsequent observations (e.g., Clarke et al. 2003 Clarke et al. , 2008 Koen 2004 Koen , 2013a Radigan 2014) . A notable exception early-on was the detection of a 1.8 h photometric period in the L2 dwarf Kelu-1 with a 1.1% peak-to-peak amplitude at 860 nm (Clarke et al. 2002) . While subsequent I-band observations did not confirm the periodicity (Clarke et al. 2003) , the same period did recur in the Hα line intensity (Clarke et al. 2003) and in subsequent g ′ observations (Littlefair et al. 2006) .
A very careful discussion of the caveats involved in the photometric monitoring for low-amplitude variability of faint targets is presented in Koen (2013a) , who stresses the need for an accurate understanding of seeing fluctuations. Koen's summary analysis of a decade-long optical monitoring campaign of 125 ultracool dwarfs finds evidence for variability in 19 objects, for an overall variability fraction of 15%. The majority (17) of the variables have spectral types ≤L5, although two T dwarfs also show variations in mean I-band flux from one observing run to the next.
Cooler brown dwarfs-with spectral types >L5 (T eff 1500 K)-might be expected to show greater variability because of the greater abundance of condensates in their atmospheres, and because of the anticipated peak in the silicate cloud disruption rate at the L-to-T spectral type transition. However, cooler brown dwarfs are also fainter, have stronger intrinsic water absorption, and so pose greater challenges for precision photometry from the ground. Artigau et al. (2009) were the first to detect highly significant, periodic, and repeatable variations in a >L5 dwarf: the T2.5 dwarf SIMP J013656.5+093347 (∆J = 50 mmag, P = 2.4 hr; later confirmed in Apai et al. 2013 and Metchev et al. 2013 ). These were strongly suggestive of patchiness in the cloud cover, and the differing J-and K s -band variability amplitudes offered a new window into the vertical structure of a brown dwarf atmosphere. More recently, Radigan et al. (2014, henceforth, RLJ14) completed the most comprehensive and sensitive ground-based variability survey of L and T dwarfs, detecting highly significant periodic J-band modulations in nine out of 57 objects (16% variability fraction). The success of the Artigau et al. and RLJ14 campaigns was a direct result of the intensive monitoring of individual objects over entire nights. The RLJ14 campaign reveals that J-band variability is enhanced both in frequency and amplitude at the L-to-T spectral type transition, as expected from the disruption of silicate clouds.
Space-based photometric monitoring programs do not face the same difficulties as ground-based programs, and can attain much higher precision. In a pilot variability study with the Spitzer Space Telescope, Morales-Calderón et al. (2006) detected tentative [4.5]-band variations in two of their three L dwarf targets. However, non-confirmations of the variations in the IRAC [8.0] band prevented them from ruling out instrumental effects in the light curves. More recently, Buenzli et al. (2014, hereafter: B14) conducted a 22-target 1.1-1.7 µm grism spectroscopy survey with the Hubble Space Telescope (HST), and found convincing evidence for variations in at least six (27%) brown dwarfs. B14's results demonstrate that detectable variability exists beyond the L/T transition, and that in fact low-level heterogeneities may be a frequent characteristic of L and T type atmospheres.
The evidence for variability across the L and T domains finds further support in the recent groundbased work of Khandrika et al. (2013) and Wilson et al. (2014) . However, the shorter monitoring periods (less than one rotation) in these studies and the poorer photometric precision leave open the possibility that the variations may be correlated with time-variable telluric water absorption (e.g., Artigau 2006) or seeing (Koen 2013a) . Thus, a re-analysis of the Wilson et al. (2014) data by Radigan (2014, henceforth, R14) confirms only three of the claimed 11 new variables. Henceforth, we rely on the set of RLJ14, R14, and B14 analyses as references for the near-IR (1.1-1.7 µm) variability properties of L and T dwarfs.
Weather on Other Worlds: a Spitzer Exploration Science Program
The ensemble of empirical evidence to date indicates that variability is not unusual in L and T dwarfs, with overall variability frequencies between 16%-27% at optical and near-IR wavelengths. Clearly, these detections are subject to significant incompleteness, either because of the relatively poorer photometric sensitivity of ground-based observations, or because of the generally shorter monitoring periods in past ground-or space-based observations. In all likelihood, low-amplitude and/or long-period variables are missing from the existing surveys.
The Spitzer Warm Mission offers an opportunity to study brown dwarf variability at high precision, high cadence, and over unprecedentedly long uninterrupted intervals. It also offers a distinct set of wavelengths from those employed in ground-based and HST surveys to date, which give complementary information on the atmospheres and cloud structures of brown dwarfs.
We carried out a comprehensive brown dwarf precision monitoring campaign with Spitzer as an Exploration Science Program (GO 80179, PI: S. Metchev). The principal goal of the Weather on Other Worlds program was to trace the emergence and then decline of the cloud disruption phenomenon at the transition between dusty L-type and dust-free T-type atmospheres. A secondary goal was to trace the dependence of cloud disruption on surface gravity (a proxy for youth) and J − K s color (a proxy for dustiness) for insights into the cloud structures of young and dusty directly imaged extrasolar planets.
First results from our Spitzer campaign, including a detection of the lowest amplitude ultra-cool variable reported to date (DENIS-P J1058.7-1548 ) and a description of our data analysis methods, were reported in Heinze et al. (2013) . Here we present the results from the entire survey. Future publications will address in detail aspects of the survey, including L dwarf variability, irregular and long-term variability, results from observations over a broader, 0.7-5 µm wavelength range, and theoretical interpretations of the global variability trends in the context of atmospheric phenomena.
In this paper we first present the sample (Sec. 2), observing strategy (Sec. 3), and data analysis methods (Sec. 4) for the Weather on Other Worlds campaign. We then present results on the variability frequency, amplitudes, and periods of L3-T8 dwarfs (Sec. 5). We discuss the prevalence of spots on L and T dwarfs and draw comparisons to previous surveys at complementary wavelengths (Sec. 6). The principal findings are summarized in Section 7.
SAMPLE SELECTION
Our survey sample was designed to test for the presence of photometric variations across a representative range of effective temperatures, surface gravities, and atmospheric dust content. Our targets were selected to be bright, with IRAC channel 1 (3.6 µm, [3.6]) or channel 2 (4.5 µm, [4.5]) magnitudes brighter than 14.5 mag, to optimize sensitivity to small-amplitude variations.
We included 44 targets-25 L dwarfs and 19 T dwarfs-spanning the L3-T8 spectral type range, including dwarfs with blue, median, or red J − K s colors at similar spectral subtypes (Table 1) . Objects earlier than L3 were excluded to avoid contamination with magnetospheric activity, common among earliertype dwarfs (Schmidt et al. 2007; Berger et al. 2010; West et al. 2011) . Nevertheless, we incorporated a control object for recognizing potential activity-induced photometric effects: the radio emitting L3.5 dwarf 2MASSW J0036159+182110 (Berger 2002) which is also a known irregular optical variable (Maiti 2007; Lane et al. 2007; Koen 2013a) . As this object was added to our program deliberately because of its known variability and radio emission, we do not include it in our statistical considerations.
Seven of our targets were chosen because they showed observational evidence for low or moderately low surface gravities, suggesting ages less than 500 Myr. Six of these were in the L3-L5 spectral type range, where they could be compared to an approximately equal number of targets with higher gravities. The deliberate inclusion of low-gravity objects biases our sample of L3-L5 dwarfs, although some would have been included anyway on account of their very red J − K s colors. The influence of low surface gravity on variability is discussed in Section 2.2.
After the sample selection was complete, four of our targets turned out to be resolved <0.
′′ 5 binaries. As we can not separate these with the Spitzer point-spread function (PSF), we exclude them from our statistical analysis, although we do present results on them for completeness. Known and additional suspected binaries are discussed in Section 2.1.
Henceforth, whenever we consider the statistical properties of L3-T8 dwarf variability, we limit our analysis to the sample of 39 objects-23 L dwarfs and 16 T dwarfs-none of which have been spatially resolved into tight binaries, and none of which were a priori known to be magnetically active. We will refer to this sample as the "unresolved sample." Note. -Notes on individual objects: i. Known radio emitter (Berger 2002) ; not a part of the statistical sample of L3-T8 dwarfs. ii. Previously known variable from Radigan et al. (2014) , Clarke et al. (2008) , or Buenzli et al. (2014) . iii. Hα emission detected by Tinney et al. (1997) , Kirkpatrick et al. (1999) , Martin et al. (1999 ), or Gelino et al. (2002 . iv. Companion to Ross 458AB (Scholz 2010b) . v. A 9.
′′ 5 L6+T7.5 binary (Scholz 2010a) . vi. A 43 ′′ companion to HN Peg; moderately low gravity ).
(L4.5; RLJ14) and 2MASS J22282889-4310262 (T6; Clarke et al. 2008; Buenzli et al. 2012 ). More recently, 2MASS J08251968+2115521 (L7.5) was also identified as a variable in B14.
Known and Candidate Binaries
Unresolved binaries can display unusual properties for their composite spectral types that are not necessarily representative of isolated single objects. Therefore, care needs to be taken to treat these properly in statistical studies. There are four known <0.
′′ 5 binaries in our sample that are unresolved by the Spitzer PSF (FWHM = 1.
′′ 7), all noted in Table 1 . Lacking accurate spectroscopic and photometric information for some of these, we have chosen to exclude all resolved tight binaries from our statistical analysis.
There are two additional candidate binaries, both identified in the literature through the spectral decomposition technique (Burgasser 2007) . The method entails fitting the spectrum of an unresolved L or T dwarf with combinations of L + T dwarf spectroscopic templates to test whether the target may be an unresolved binary with components of disparate spectral types. Some candidate spectral binaries identified in this manner have subsequently been separated with high angular resolution observations. Examples include two of the tight binaries included in our sample: SDSS J205235. 31-160929.8 (T1 composite; Chiu et al. 2006 ) and SDSS J151114.66+060742.9 (T2 composite; Albert et al. 2011) , both identified as strong spectral binary candidates by Burgasser et al. (2010a) , and both subsequently resolved with laser guide-star (LGS) adaptive optics (AO) imaging Bardalez Gagliuffi et al. 2015) . For SDSS J205235.31-160929.8 we adopt the T1 + T2.5 component spectral types determined photometrically by Stumpf et al. (2011) . For SDSS J151114.66+060742.9 we adopt the tentative L5.5 + T5 component spectral decomposition of Burgasser et al. (2010a) , with a more accurate spectroscopic characterization of the system expected in Bardalez Gagliuffi et al. (2015) .
While candidate binaries identified through spectral decomposition have often been separated in multiple components, should they remain unresolved in high-angular resolution observations, they are potential candidates for variability. Rather than representing two distinct brown dwarf components, the composite spectrum may instead be revealing the two-temperature nature of the photosphere of a single object: e.g., through a combination of regions with thick clouds and regions with thin clouds . Such is the case of the T1.5 dwarf 2MASS J21392676+0220226 ), suggested as a strong L8.5 + T3.5 spectral binary candidate by Burgasser et al. (2010a) , but identified as a J-band variable (Radigan et al. 2012 ) that is unresolved in HST images , and exhibits no radial velocity variations (Khandrika et al. 2013 ).
We gauge whether the two remaining candidate spectral binaries in our sample may contain multiple components by checking archival high-angular resolution observations from the HST 1 , NASA Keck 2 , and ESO VLT 3 archives. Archival HST/WFC3 observations exist for both: 2MASS J09490860-1545485 (T2, a weak T1 + T2 candidate; Burgasser et al. 2010a ) and 2MASS J13243559+6358284 (T2.5, a strong L8 + T3.5 candidate; Burgasser et al. 2010a ; also an L9 + T2 candidate from Geißler et al. 2011) . The HST images do not resolve the candidate spectral binaries down to 0.
′′ 10. Additional Keck LGS AO observations exist for 2MASS J13243559+6358284, although because of sub-optimal AO correction, the angular resolution is not better than in the HST/WFC3 images.
Since neither of the above two candidate spectral binaries are resolved down to 0.
′′ 10, we treat them as single objects in our analysis, although radial velocity monitoring would be needed to establish this with confidence (e.g., Burgasser et al. 2008a) . Notably, we find that the strong binary candidate 2MASS J13243559+6358284 is one of our highest-amplitude variables (Sections 4-5, Table 2 ). That is, it may parallel the case of the candidate spectral binary-turned-variable 2MASS J21392676+0220226.
Finally, our sample includes as two separate targets the individual components of the known 9.
′′ 4 binary SDSS J141624.08+134826.7 / ULAS J141623.94+134836.3 (Scholz 2010a ). The components, a blue L6 and a blue T7.5 dwarf, are sufficiently well separated that both can be measured accurately and simultaneously. The majority of the remaining targets have been observed at high-angular resolution, with LGS AO, or with the HST, and remain unresolved. We presume that all of these brown dwarfs are single.
Low Surface Gravity Objects
We included a sequence of six L3-L5.5 dwarfs with signatures of low surface gravity (i.e., youth) and the moderately young (∼500 Myr) T2.5 dwarf HN PegB ) to further investigate the dependence of cloud structure on surface gravity. One of the low-gravity dwarfs, SDSSp J224953.45+004404.2 (L3β), is a tight binary, for a total of eight individual low-gravity dwarfs. Cruz et al. (2009) and Gagné et al. (2014) . Cruz et al. (2009) spectroscopically classify them as β-or γ-type low-gravity objects. We discuss the remaining lowgravity L3-L5.5 dwarfs below. 2MASS J16154255+4953211 (L4β) is identified as a possible low-gravity L4 dwarf from optical spectra by Cruz et al. (2007) and Gagné et al. (2014) . Low-gravity features in the near-IR spectrum-weak K I lines and weak metal-hydride absorption-are also noted by Kirkpatrick et al. (2008) , who estimate a tentative age of 100 Myr. Geißler et al. (2011) further note the similarity of the 0.8-2.4 µm low resolution spectrum of this object to the known 20-300 Myr-old L3 dwarf G 196-3B (Rebolo et al. 1998) , although tentatively assign it an L6 spectral type based on the 0.8-1.2 µm continuum. To maintain consistency with the optical spectral type classification for <L9 dwarfs, we adopt the Cruz et al. (2007) L4 spectral type, and β-class gravity as for other ∼100 Myr-old L0-L5 dwarfs (including G 196-3B) in Cruz et al. (2009) . 2MASS J18212815+1414010 (L4.5) is identified as a peculiarly red L4.5 dwarf by Looper et al. (2008b) . That study notes a number of spectroscopic features indicating moderately low gravity, including relative weakness in the alkaline and FeH strengths and sharpness of the H-band continuum. Gagné et al. (2014) conclude that despite its signatures of youth this object does not belong to any known young moving group. Looper et al. (2008b) mention unusually high atmospheric dust content as an alternate explanation for these traits, although that may also be the result from low surface gravity. Notably, low gravity likely does not account for similar characteristics observed in another unusually red L dwarf studied by Looper et al. (2008b) in parallel: 2MASS J21481633+4003594 (L6). Looper et al. (2008b) point to the latter object's high galactic tangential velocity (v tan ∼ 62 km s −1 ) as evidence against youth, while noting that the tangential velocity of 2MASS J18212815+1414010 is much lower (v tan ∼ 10 km s −1 ), and so fully consistent with youth. Therefore, we tentatively adopt the low-gravity hypothesis for this object. 2MASS J18212815+1414010 may be somewhat older than the ∼100 Myr β-class objects of Cruz et al. (2009) , hence we do not assign a gravity class. SDSSp J224953.45+004404.2 (L3β) is resolved into a pair of 0.
′′ 32 L3 and L5 dwarfs using Keck LGS AO by Allers et al. (2010) . They note that the L3 component shows low-gravity features (weak alkali and FeH absorption, strong VO absorption) similar to G 196-3B (L3β), and conclude that both components are young. We adopt β-class gravity, as for G 196-3B, even if Gagné et al. (2014) do not find an association with any known young moving group.
It is possible that not all of the above putative low-gravity objects are actually young: as deliberated for 2MASS J18212815+1414010 (L4.5) in Looper et al. (2008b) . Nonetheless, they all share characteristics linked to low surface gravities in ultra-cool dwarfs: weak alkali lines and metal-hydride bands, enhanced VO absorption, red 1-2.5 µm continua, and peaked H-band spectra. These are more generally associated with enhanced dust content Kirkpatrick et al. 2010) , which can be the result of low surface gravity. While we refer to this set of objects in the present analysis as being low-gravity, we are likely selecting for a more general dependence on atmospheric dustiness.
OBSERVATIONS
We observed all objects in staring mode with Spitzer in IRAC channels 1 and 2 for a total of 891 h. The default observing sequence was a 14 h astronomical observing request (AOR) in channel 1, immediately followed by a 7 h AOR in channel 2. The combined sequence was intended to detect periods up to ∼10 h in channel 1, and to then measure the [4.5]/[3.6] variability amplitude ratio as a probe of the temperature gradient among heterogeneous cloud layers.
For eight of the objects, including the radio-emiting 2MASSW J0036159+182110, v sin i measurements from high-dispersion spectroscopy were available from the literature. We used these to set upper limits on the expected rotation periods, assuming radii equal to Jupiter's. The maximum rotation periods for these were between 3-6 hrs, and we correspondingly planned shorter-twice the maximum period-AORs in channel 1. The AOR durations for each target are included in Table 1 . All exposures were 12 sec long, taken in full-array readout mode.
As the execution of the program commenced in the second half of 2011, the Spitzer Science Center (SSC) was implementing a novel acquisition peak-up scheme to improve the stability of the telescope pointing over long staring observations. Previous experience had shown that the telescope can take up to 30-45 min after target acquisition to stabilize its pointing within the boundaries of a 1.
′′ 2 pixel. Pointing that is stable to a fraction of a pixel is necessary to avoid systematic errors arising from variations in sensitivities among pixels or within individual pixels-the latter known as the "pixel phase effect" (Reach et al. 2005) . On the advice of the SSC, we added a 30 min channel 1 "acquisition" AOR to the beginning of our staring sequence on each target. Thirty-four of our targets were observed with the extra 30 min AOR for acquisition.
We further experimented with acquiring our targets on the well-characterized IRAC channel 1 "sweet spot." As of early 2012, the sweet spot was a region approximately one-third of a pixel in area with very well characterized pixel phase: the result of extensive calibration by the SSC. However, we found that the relatively large uncertainties in the proper motions of our targets, determined at the time exclusively from ground-based parallax programs Vrba et al. 2004; Faherty et al. 2009 ), prevented us from obtaining sufficiently accurate positions to ensure placement on the sweet spot. Having attempted this mostly unsuccessfully for several targets, we abandoned the approach, and instead opted for positioning near the center of the detector. A central location allowed better overlap of comparison stars with concurrent ground-based monitoring programs of the same targets.
DATA REDUCTION AND VARIABILITY ANALYSIS
Our data reduction and analysis approach is presented in detail in the first announcement of results from the Weather on Other Worlds program (Heinze et al. 2013 ). Here we summarize the steps only briefly, and discuss areas where our analysis has been updated.
Photometry and Identification of Variables
We use aperture photometry with radii optimized to deliver the lowest RMS scatter in the measured fluxes. We average down random noise by binning the photometry in 10-image bins, which yields a sampling interval of about 120 s and retains sensitivity to variations on the timescales of interest ( 0.5 h). We correct for the pixel phase effect by fitting the measured flux of each source as a 2-D quadratic function of position on the detector.
Our limiting precision, determined as the standard deviation of the binned data after the removal of the pixel phase fit, for over 600 stars identified as non-variable in our survey images is shown as a function of magnitude in Figure 1 . We attained ≈20% better photometric precision at [3.6] than at [4.5] for the same nominal magnitudes. Consequently, our L dwarf light curves had higher SNR at [3.6]. However, the We identify variable sources by creating Lomb-Scargle periodograms of the pixel-phase-corrected data sets using a routine from Press et al. (1992) , in which the periodogram power at angular frequency ω is defined as:
where h and σ 2 are the mean and variance of the data points h j taken at times t j , and τ is defined by the relation:
The range and sampling of periods probed by the periodogram is determined by the oversampling factors in the frequency and time domains (parameters ofac and hifac in the Press et al. 1992 routine) . We set the oversampling factors in the frequency and time domains to 200.0 and 0.2, respectively, which for a typical [3.6] data set results in the investigation of about 7500 distinct periods ranging from 0.36 h to >100 h, with a sampling interval that is constant in frequency and has a value of 0.00036 cycles h −1 . The false alarm probability (FAP) is M e −P , where P is the periodogram power of the highest peak, and M is the number of independent frequencies: equal to the number of data points multiplied by the time-domain oversampling factor hifac. With ten-point binned data, typically M ∼ 360 × 0.2 = 72 at [3.6] and half that value at [4.5].
A similar approach was developed independently and presented in RLJ14. We find that while a periodogram is most sensitive to sinusoidal signals (that is, they generate the lowest FAP at a given amplitude), it remains a useful means of detecting non-sinusoidal and even non-periodic signals, including linear trends. Additionally, we determine that although our preliminary method of correcting the pixel phase effect can distort an astrophysical signal, it is extremely unlikely to suppress its periodogram power completely or to prevent the detection of a true variable. The FAP of the strongest peak in the periodogram measures the likelihood that any apparent coherent variations are caused by random noise. Rather than uncritically accepting all sources with FAP <5% as variables with 95% confidence, we have performed periodogram analyses on a large number of comparison stars in the fields of our targets to arrive at a robust understanding both of the statistics of IRAC photometry and of the performance of our periodogram-based method for identifying variables. Excluding obvious variables (e.g., eclipsing binaries and RR Lyrae stars) filtered out by eye, we have [3.6] photometry for 636 field stars and [4.5] photometry for 652 stars, with magnitudes in the same range as our brown dwarfs. Among these stars, the 5th percentile in the FAP value of the strongest peak in each periodogram is 3.7 × 10 −4 = 10 −3.4 at [3.6] and 2.9 × 10 −2 = 10 −1.5 at [4.5] (Fig. 2) . The fact that these values are both smaller than 5×10 −2 indicates that some of the stars have non-random variations, which may be caused by either low-level astrophysical variability or residual IRAC systematics. The lower 5th percentile FAP value for [3.6] likely reflects the longer monitoring interval, which produces greater sensitivity to variations regardless of origin.
We identify as genuine astrophysical variables at the 95% confidence level all brown dwarfs with FAP values at either band below the corresponding fifth percentile threshold (Fig. 3 ). Considering these as 95% confidence thresholds is conservative because it implicitly assumes that all of the comparison stars with low FAP values are merely affected by residual systematics, when in fact some of them are probably astrophysical variables in their own right.
We find a total of 21 variable brown dwarfs, including one binary and the deliberately added magnetically active L3.5 dwarf 2MASSW J0036159+182110), 15 of which are variable in both bands, four are variable only at [3.6], one (2MASS J00501994-3322402; T7) is variable only at [4.5], and one (HN PegB; T2.5) is variable at [4.5] and has a FAP value on the threshold at [3.6]. Only one of the four known close binary systems (SDSS J151114.66+060742.9 [L5.5 + T5]) is variable, only at [3.6]. We argue in Section 5.3.1 that the variations are likely associated with the brighter component.
We note that given our 95% confidence threshold on variability detection, we expect on average two false-positive identifications of variability in our unresolved sample of 39 L3-T8 dwarfs. If such exist in our sample, these would most certainly be among the [3.6]-only variables, as dual-band variables are independently confirmed at [3.6] and [4.5] , and the one [4.5]-only variable is highly significant.
Fitting for Periods, Amplitudes, and Waveforms
We analyze the photometry of our variable objects by fitting an astrophysical model together with the pixel phase correction, using the simultaneous/iterative least-squares method described in Heinze et al. (2013) . This fitting procedure removes the distortion of astrophysical variability that the pixel phase correction can impose if it is applied to the photometry independent of an astrophysical fit. We therefore use the results from the combined model plus pixel phase fits, rather than from the initial periodograms, to identify the true periods and amplitudes of our variables.
Our astrophysical model is a truncated Fourier series:
or equivalently, for purposes of linear least-squares fitting:
For each object we set the number of terms n in the series to the smallest value that produces fit residuals consistent with random noise: such that the periodogram of the residuals have an FAP ≥ 1% at the strongest peak. We apply this model independently to the [3.6] and [4.5] data for each object, with no constraint on phasing or common periodicity. The peak-to-peak amplitudes and uncertainties resulting from these fits are shown in columns A[3.6] and A[4.5] of Table 2 . Where the period is longer than the monitoring interval in a given band, the true amplitude at that band could be larger than our quoted value.
Once we have fit the photometry from each band individually, we attempt a simultaneous fit to the photometry in both bands, where the period, phase, and waveform (i.e., the relative amplitudes of the Fourier terms) of the astrophysical model are constrained to be the same, but the overall amplitude is allowed to differ. This ignores possible phase shifts between the two IRAC bands, and such have been reported in a T dwarf over the broader 1-5 µm wavelength range by Buenzli et al. (2012) . However, phase shifts would not necessarily be expected in our case because both IRAC channels probe very similar atmospheric pressures (e.g., see Fig. 7 in Ackerman & Marley 2001) . We find no evidence for phase shifts among our variables with regular, periodic curves (Fig. 5) . The possibility of a [3.6]-to-[4.5] phase shift is explored in one of our targets with a more complex light curve, SDSSp J010752.33+004156.1 [L8], in forthcoming work by Flateau et al. (2015) .
We perform a finely spaced 2-D grid search over period and [4.5]/[3.6] amplitude ratio, and use our simultaneous/iterative least-squares fitting method to determine the dominant waveforms at each grid point. The approach is analogous to that used in Heinze et al. (2013) , but augmented to fit two bands simultaneously. Similarly to the earlier method, it also solves simultaneously for the parameters of the pixel phase correction, which are different, and independent, for [3.6] and [4.5] . The outcomes at various steps of our simultaneous pixel phase correction and Fourier term fitting are shown in Figure 4 : for a non-variable object (2MASSW J2224438-015852; left panel) and for a variable object (2MASS J13243559+6358284; right panel). The initial pixel phase correction distorts the astrophysical signal in the variable object, but does not remove it or prevent the periodogram analysis from detecting the variability. By including the astrophysical Fourier model, the final fit accurately determines the pixel phase parameters and removes the distortion.
Classification of Variables: Regular, Irregular, and Long-Period
The final light curves of our 21 variable objects are shown in Figure 5 . The high cadence and accuracy of our Spitzer photometry allows us to confidently establish that some of our variables have regular short-term periodicities, while others are irregular or have long periods. Based on the preceding discussion (Section 4.2), we categorize our variables as follows.
Regular variables are those for which we identify at least two complete rotations in the total (usually 21-hour) IRAC channel 1 and 2 observation, and the number of recorded rotations is greater than the number of Fourier terms required to fit the light curve. That is, the fits to the light curves of the regular variables are well-constrained. Eight of our 21 variables are regular, and are noted with "reg" in the Periodicity column of Table 2 .
The regular variables have reliable estimates of periods and period uncertainties in Table 2 , obtained from the range of period values produced by the respective single-band fits and by the two-band fit. The Irregular variables are those with at least two recorded rotations whose fits require more Fourier terms than the number of recorded rotations. We believe that in these cases the photospheric brightness distribution on the brown dwarf was changing during our observations, and therefore the astrophysical variations were not strictly periodic. Four of our variables are irregular: marked with "irreg" in Table 2 .
The fits for irregular variables are effectively non-periodic because the nominal periods of the Fourier Left: pixel phase correction for the non-variable L4.5 dwarf 2MASS J2224438-015852. The uncorrected data are shown at the top, the contribution from pixel phase is shown in the middle, and the corrected data are at the bottom: all offset by -0.03 for clarity. Right: pixel phase correction for the variable T2.5 dwarf 2MASS J13243559+6358284. Starting at the top, the five time series are the raw photometry; the photometry after the initial pixel phase correction that did not include an astrophysical model (i.e., the input to our initial periodogram analysis for variable identification in Section 4.1); the photometry after pixel phase correction combined with a truncated Fourier series astrophysical model (see Section 4.2); the final contribution from pixel phase; and the residuals from the final model. Each time series is offset -0.06 relative to the previous one for clarity. series approach the length of our monitoring. The fits represent the simplest Fourier model that was able to account for all the data. They also likely represent the lowest-order fits that solve accurately for the pixel-phase parameters, rather than producing pixel-phase results that are biased by astrophysical variations not captured by the Fourier model. The photometry in Figure 5 has been corrected based on the pixel-phase parameters produced by these final fits.
The periods, and in particular the amplitudes and [4.5]/[3.6] amplitude ratios of the irregular variables, are often less well constrained. We estimate the rotation periods using periodograms of the final, corrected data, and by identifying commonalities in terms of frequency components among the single-band fits and among fits using different numbers of Fourier terms. All four irregular variables do show dominant periodicities on a time scale shorter than half of the observing sequence, and we are able to identify uncertainties for these periods. The quasi-periodic behavior of the irregular variables is in agreement with the expectation of rotational modulations-as for the regular variables-and we assume that these correspond to the objects' rotation periods.
The amplitudes of the irregular variables correspond to the maximum peak-to-peak variation observed in each band. Because variations outside of our observing window could have even greater amplitudes, the quoted amplitudes are effectively lower limits. Because of the rapid changes in the light curves of the irregular variables, we refrain from using the joint two-band fits to determine the [4.5]/[3.6] amplitude ratios. Instead, we report the ratio of the amplitudes of the unconstrained single-band fits.
Long-period variables are those for which our observations cover less than two rotations. Six of our 21 variables have such long periods, and are marked with "long" in the Periodicity column of Table 2 . The four for which we see one full rotation have estimates of the period uncertainties, and [4.5]/[3.6] amplitude ratios. One of the four, the L5.5 + T5 close binary SDSS J151114.66+060742.9, is significantly variable only at [3.6], and we provide only an upper limit to the [4.5] amplitude from the stand-alone channel 2 data.
One of the other two long-period variables, 2MASS J16154255+4953211 (L4β), has a period somewhat longer than the 21 h channel 1 and 2 AOR sequence. We do not estimate an uncertainty on its period, and the [4.5] amplitude can not be estimated from the channel 2 data alone. However, we are able to tentatively estimate the 6] amplitude ratio for this object. As will be detailed in a forthcoming publication , we suspect that 2MASS 175334518-6559559 may be viewed close to pole-on, and that we may be seeing spot pattern evolution on the visible hemisphere. As such, the light curve probably does not reflect the spin period of the object.
In principle, it may be possible to explain most of the long-period light curves in our sample through cloud evolution and near pole-on viewing geometry. Nonetheless, we note that none of the long-period variables show evidence of rotational variations on shorter time scales. Where such evidence is present, we classify the variables in the remaining category of "irregular/long-period variables." Irregular/long-period variables are three variables-marked "irreg/long" in Table 2 -that show significant periodicities on multiple scales, with a marked improvement in the quality of the fit for periods longer than 10 hours. For these we have adopted the shortest period at which there is a highly significant peak in the periodogram. Thus, both 2MASSI J0825196+211552 (L7.5) and SDSS J151643.01+305344.4 (T0.5) show substantial power in periods that are approximately half of the best-fit period with three Fourier terms. These periods, 7.6 h and 6.7 h are the ones that we have adopted for these objects. However, we have not quoted period uncertainties since the actual period may be significantly longer.
The remaining irregular/long-period variable, SDSSp J010752.33+004156.1 (L8), is well fit by a fiveFourier term solution with a 13.0 h period, which effectively matches the beginnings of the channel 1 and 2 light curves. Because of the erratic appearance of this light curve, we believe that we may be witnessing rapid evolution of the spot pattern that may be obscuring the actual rotation period. In seeking a dominant time scale that would potentially reflect the spin of the object, we observe that single-Fourier term fits to the channel 2 or combined channel 1+2 data reveal periodicities of 5.0 h to 5.5 h, while a single-term fit to the channel 1 data alone reveals a periodicity that is approximately twice as long: 10.2 h. Neither of these single-term fits are even remotely satisfactory. However, noting the ≈5 h multiples in the single-term periods, we adopt 5 h as our best guess for the period of SDSSp J010752.33+004156.1. As for the irregular variables, the amplitude estimates for the irregular/long variables are effectively lower limits.
Non-Variables and Amplitude Upper Limits
For objects that are not variable (Fig. 6) we use a Monte Carlo method to calculate upper limits on the amplitude of any undetected variability. For each given object, we create a large ensemble of simulated data sets, each with the same sampling as the real data. Each simulated data set contains a signal of fixed period and amplitude, a random phase, and a distinct realization of Gaussian noise matched to the RMS scatter of the real data. The amplitude upper limits were determined assuming fixed ten-hour periods. As our sensitivity is better for shorter periods, this is a conservative choice.
To account for possible suppression of signal by the pixel phase correction, we correct the synthetic data sets using the same prescription as for the real data. We find the periodogram FAP of each synthetic data set in the ensemble, and determine in what fraction of simulated cases the FAP is lower (that is, more significant variations were detected) than in the real data set. We adjust the amplitude of the simulated signal until the FAP becomes lower than for the real data set in 95% of cases. This threshold sets our 95% confidence level upper limit on the amplitude of sinusoidal variations in each non-variable brown dwarf ( Table 2) .
As we already noted, the periodogram is not optimally sensitive to non-sinusoidal variations. We performed additional tests with a different input signal: the sum of two equal-amplitude identically-phased sinusoids differing by a factor of two in period. We considered this a reasonable representation of some of the extreme amplitude behavior observed in the lightcurves our variables. Such an input signal aims to model cases where the lightcurve of a variable spends most of its time near the mean, and has only one narrow peak and one narrow trough per cycle. Such variables would be more easily missed compared to perfectly sinusoidal variables with the same amplitude because of the leakage of periodogram power out of the main peak: resulting partly from the presence of a second period, partly from the small number of periods covered by our observation. We do not list these more conservative "non-sinusoidal" upper limits, although note that they are on average 50% higher at [3.6] and 30% higher at [4.5].
The 95% upper limits on sinusoidal [3.6] and [4.5] variability amplitudes are plotted along with the amplitudes of the detected variables in the two panels of Figure 7 . Most of our non-detections are T dwarfs, consistent with the relative faintness of T dwarfs in our sample compared to L dwarfs. The dashed curves plotted in each panel of Figure 7 are scaled versions of the respective photometric precision limits from Figure 1 , and separate the majority of the detections from the majority of non-detections.
We note that the loci of detections and upper limits partially overlap in the "20% detections" and "23% detections" bands in the [3.6]-and [4.5]-band panels. In these regions we have both low-amplitude (but significant) detections, and upper limits that scatter higher than some of the detections. The scatter is caused by several factors, most significant among which is the amount of periodogram power in the data for a given object. Some objects can not be classified as variables although they have considerable periodogram power and FAP values near the variability threshold (Fig. 2) . Such objects may exhibit real astrophysical variations, albeit below our detection limit. For these objects we are not able to rule out amplitudes as small as those for targets of similar brightness that show almost no periodogram power. Other factors contributing to the scatter in amplitude upper limits include differences among the photometric properties of each set of reference stars, different pixel phase effect systematics in the observations, and in a few cases, shorter AORs.
We note that the transition between detections and non-detections of variability on either side of the detection limits curve in Figure 7 is smooth and continuous. This further demonstrates that while we do not detect low-amplitude variables among the cooler brown dwarfs, that is likely because of our poorer sensitivity on fainter targets. J175334518-6559559 shows only a linear trend at [3.6], and we have plotted the lower limit on its [3.6] amplitude with a solid red upward-pointing triangle. The known magnetically active L3.5 dwarf 2MASSW J0036159+182110 is shown with a filled red square. The dashed curves delineate regions of detection completeness, and are scaled linearly from the photometric precision limits in Figure 1 . The variability detection rates in each region correspond to the fraction of detected variables. These detection completeness rates are used in the Monte Carlo simulations to determine the overall survey incompleteness (Sec. 6.1).
THE VARIABILITY OF L3-T8 DWARFS AT 3-5 µm
Our Spitzer program detected 21 variables at >95% confidence among 44 L3-T8 targets, including 19 variables among the 39 in the unresolved sample. Seventeen of these are newly-detected variables. The spectral type and J − K s color distribution of our sample, including both variables and non-variables, is shown in Figure 8 . In the following we present the key results on L and T dwarf variability from the program.
Variability Is Observed throughout the L3-T8 Spectral Type Range
We detect photometric variations at virtually all spectral subtypes, with the warmest variables being L3's, and the latest a T7. Variability is detected twice as frequently among L3-L9.5 dwarfs, with 14 out of 23 (61% +17% −20% , 95% binomial confidence interval) L dwarfs being variable, than among T0-T8 dwarfs, where 5 out of 16 (31% +25% −17% ) are variable (Fig. 8) . The inclusion of the four binaries, one of which is variable, does not affect these results significantly.
The lower fraction of detected variables among the T dwarfs is fully consistent with the decreasing apparent brightness of cooler objects in our sample (Sec. 4.4): our average L dwarf is 1.8 mag brighter at (Fig. 1 ). An incompleteness-corrected estimate of the fraction of variable L and T dwarfs is discussed in Section 6.2.
Similarly to RLJ14 and R14, we find large-amplitude (>2%) variables near the L/T transition: in the L9-T3.5 spectral type range. Two of our three >2% amplitude variables are at the L/T transition. However, we find that they are not exceptional in the context of the overall variability frequency or amplitude distribution (Sec. 5.2; Fig. 9) . A further comparison between the findings at near-IR wavelengths and our 3-5 µm Spitzer results is rendered in Section 6.3.
The Maximum Variability Amplitude Steadily Increases from L to T Dwarfs
The amplitudes from the independent fits to the channel 1 and 2 light curves range between 0.2%-4.6% in the [3.6] band and between 0.2%-3.2% in the [4.5] band (Fig. 9 ). Four objects vary significantly only at [3.6], for three of which we are able to fit [4.5] amplitudes if constraining the fit jointly with [3.6]. These channel 2 amplitudes range between 0.1%-0.3%. However, because they can not be confirmed independently from the [4.5] data, we do not consider them in our amplitude distribution analysis. Only one object, 2MASS J00501994-3322402 (T7), is observed to vary significantly only in channel 2, with an upper limit on the channel 1 amplitude, and so a lower limit on the [4.5]/[3.6] ratio.
An interesting result that emerges from our survey is that the maximum variability amplitude in either Spitzer IRAC channel steadily increases over the L and T spectral range. The expression log(A[3.6] max ) = (0.059 ± 0.002) × SpT − 0.28 ± 0.03,
where SpT = 0 at L0 and SpT=18 at T8, represents the upper [3.6]-band variability envelope well, with the line fit to the eight nearest [3.6]-band amplitudes in Figure 9 . The trend is well supported in the L3-T2.5 range, which contains seven of the eight defining data points. The two highest-amplitude objects in the L3-L5.5 bin have low surface gravities that may have enhanced their variations (Sec. 2.2). Regardless, this does not alter the observation that the maximum amplitudes in the L3-L5.5 bin are smaller than in any of the later-type bins.
The projection of an increasing maximum variability amplitude beyond spectral type T3 is more speculative, as in that range it is substantiated by only a single data point: the [3.6]-band amplitude of the T6 dwarf 2MASS J22282889-4310262. The trend is also not confirmed in the [4.5]-band amplitudes of >T3 dwarfs. Nonetheless, we note that 2MASS J22282889-4310262 represents half of the variability detections in the T4-T8 bin, so its high [3.6]-band amplitude may not be entirely random. Besides, the trend only marks the maximum observed amplitude, rather than typical amplitudes. It does not imply that late-T dwarfs or even Y dwarfs will generally have such large amplitudes, but only that increasingly larger amplitudes are possible at cooler effective temperatures. Incidentally, this agrees with the ∼20% projected integrated variability of Jupiter at 4.78 µm (Gelino & Marley 2000) . Overall, the trend for increasing maximum amplitudes at later spectral types indicates a propensity for greater brightness contrasts than in warmer brown dwarfs.
Conversely, the lack of large-amplitude variations in the early-L dwarfs points to greater homogeneity in the appearance of their 3-5 µm photospheres. One one hand, this could be caused by smaller temperature differences associated with multiple molecular species condensing at slightly different temperatures and forming multiple cloud decks. On the other hand, a constant or a slowly varying temperature differential with spectral type, e.g., as a result of a temperature perturbation (Robinson & Marley 2014 ) from atmospheric wave breaking (e.g., Young et al. 1997) , would also lead to smaller flux variations at earlier spectral types, since the temperature perturbation would be smaller in a relative sense.
Amplitude Ratios over 3-5 µm Are Not Correlated with Spectral Type
Measuring the dependence of the [4.5]/[3.6] amplitude ratio on spectral type was one of the main goals of our Weather on Other Worlds program. Given the strong wavelength dependence of the brightness temperatures of molecule-rich ultra-cool atmospheres, the amplitude ratio can be used as a probe of the temperature gradient among cloud layers or between regions of thick and thin clouds. In Heinze et al. (2013) we argued that a ratio of A[4.5]/A[3.6] < 1 for the variable L3 dwarf DENIS-P J1058.7-1548 indicated fractional coverage by warm spots. We concluded that we were most likely observing a two-component ∆T ∼ 100 K cloud deck with holes in the upper deck revealing the warmer deck underneath. Figure 10 shows the [4.5]/[3.6] amplitude ratios from Table 2 for most of the variable objects in our survey as a function of spectral type. Only one object has been excluded from this analysis, 2MASS J17534518-6559559 (L4), for which the observed variability is solely a linear trend in channel 1. We find no obvious correlation, except only that all three variable L3-L3.5 dwarfs in the unresolved sample, and the known magnetically active L3.5 dwarf 2MASSW J0036159+182110, have [4.5]/[3.6] amplitude ratios below unity, like DENIS-P J1058.7-1548. Formally, the mean [4.5]/[3.6] amplitude ratio over the L3-T8 domain is 1.0, with a standard deviation of 0.7. In the context of cloudy models, this suggests that either small warm holes in dominant cold cloud decks or small cold patches of high-altitude clouds above a prevailing warm photosphere are equally likely on L and T dwarfs. Table 2 ), or when variability was only detected at [3.6] (Note 3 in Table 2 ). The amplitude ratios in these cases may not be representative of the true amplitude ratios under simultaneous or more sensitive observations. The amplitude ratio of the magnetically active irregular variable 2MASSW J0036159+182110 (L3.5) is shown with an open square. A lower limit on the amplitude ratio of the [4.5]-only regular variable 2MASS J00501994-3322402 (T7) is shown with a solid upward pointing triangle.
The Variable Component of the L5.5 + T5 Binary SDSS J151114.66+060742.9 Is the Primary
The consideration of [4.5]/[3.6] amplitude ratios is appropriate for discerning which of the two components in the close L5.5 + T5 binary SDSS J151114.66+060742.9 varies. While it may be logical to assume that the brighter component is responsible for the observed variability, in the context of increasing maximum amplitude with spectral type (Sec. 5.2), it is worth considering whether the cooler secondary may have unusually large amplitude that drives the combined flux variations.
There are two arguments that favor variability in the brighter component. First, given typical 3-5 µm absolute magnitudes and colors of L5 and T5 dwarfs from WISE ), the secondary is ≈1.5 mag redder in [3.6] − [4.5] than the primary and also ≈1.5 mag fainter at [4.5] . Being altogether ≈3.0 mag fainter than the primary at [3.6], the secondary would have to vary by ∼10% to account for the observed 0.67% [3.6]-band amplitude in combined light. No 3-5 µm amplitudes this high are observed in any of the other variable L or T dwarfs in our sample. Such large-amplitude variability seems to so far be contained only to shorter wavelengths (Radigan et al. 2012; Gillon et al. 2013; Heinze & Metchev 2015) . Conversely, if the variability arose from the L5.5 primary, which dominates the total flux, the 0.5 amplitude ratio in combined light would be normal for a dwarf in the L3-L5.5 bin.
We therefore conclude that the observed variability in the close L5.5 + T5 binary SDSS J151114.66+060742.9 likely originates from the brighter L5.5 component. We have nonetheless retained the systemic T2 spectral type for plotting purposes in Figures 8-11 until a resolved spectroscopic characterization of the binary is available (Bardalez Gagliuffi et al. 2015) .
Irregular Variables Are Common among L Dwarfs
Our sample contains seven irregular or irregular/long variables, including the known magnetically active L3.5 dwarf 2MASSW J0036159+182110. Six of these seven irregular variables are L dwarfs, and the seventh is the T0.5 dwarf SDSS J151643.01+305344.4. Among the 14 variable L dwarfs in the unresolved sample, five are irregular. None of the irregular variables are known or candidate close binaries. Hence, unresolved multiplicity within the Spitzer PSF can not account for the large number of Fourier terms required to fit their light curves.
A possible reason for the high incidence of irregular variability in L dwarfs is that we are detecting rapid changes in the distribution of photospheric spots, potentially across multiple cloud layers. The light curve of the L5 dwarf 2MASSW J1507476-162738 (Fig. 5) provides a clear example of spot evolution: an oscillation appears around 7 hours into the channel 1 observing sequence, and continuously grows in amplitude until the end of the channel 2 sequence, five 2.5 h rotations later. The behavior of the L4.5 dwarf 2MASS J18212815+1414010 is similar, on a longer, 4.2 h period.
We will analyze the properties of the irregular variables in more detail in upcoming publications (Flateau et al. 2015; Heinze et al. 2015) . At present, we only note that the almost exclusive appearance of irregular variables among the L dwarfs points to more complex and rapidly evolving spot configurations in 1400 K atmospheres. This may be an indication that the ratio of the convective-overturn time scale to the spin period is smaller in L dwarfs than in T dwarfs (Zhang & Showman 2014) . Given that the set of irregular variables includes the previously known magnetically active L3.5 dwarf 2MASSW J0036159+182110, it is also possible that we are witnessing low-level magnetic activity, or a combination of cloud-and magneticallyinduced photometric variations.
Low-Gravity L3-L5.5 Variables May Have Enhanced Amplitudes
Our unresolved sample contains six individual objects that have been characterized as low-or moderately low-surface gravity dwarfs (Sec. 2.2). Five of these are in the L3-L5.5 bin, and the remaining is the ∼500 Myrold T2.5 dwarf HN Peg B. The tight L3 + L5 binary SDSSp J224953.45+004404.2-not part of the unresolved sample-also has low surface gravity (Allers et al. 2010) : for a total of eight low-gravity objects in our complete sample.
The variability fraction among the putative low-gravity L3-L5.5 dwarfs is 3/7 or 3/5, depending on whether the individual components of the non-varying binary SDSSp J224953.45+004404.2 are counted separately, or whether it is altogether excluded from the sample. Within the statistical uncertainties, this is indistinguishable from the fraction of variables among the high-gravity objects in the L3-L5.5 bin: 5/8. HN Peg B is one of three single variable dwarfs in the T0-T3.5 bin. That is, variability among T0-T3.5 dwarfs is detected both in moderate-and in high-gravity objects. Combining the results for the L3-L5.5 and the T0-T3.5 bins, we do not see an enhanced variability frequency among low-gravity objects, although our sample is too small to confidently exclude a correlation.
Instead, we do detect a tentative correspondence between amplitude and surface gravity among the set of eight L3-L5.5 dwarfs that are variable. The three L3-L5.5 variables that show signatures of low gravity also have the highest [3.6]-band amplitudes in the L3-L5.5 bin (Fig. 9 ): 2MASS J16154255+4953211 (L4β), 2MASSW J2208136+292121 (L3γ), and 2MASS J18212815+1414010 (L4.5). The latter two objects have the highest bin amplitudes also at [4.5] . We only provide an upper limit to the [4.5]-band variability of 2MASS J16154255+4953211 because its inferred period (∼24 h) is much longer than the 7 h channel 2 AOR. In reality, the combined channel 1 + 2 light curve fit gives a [4.5]/[3.6] amplitude ratio of 1.4 (Table 2) , which would make 2MASS J16154255+4953211 the strongest [4.5]-band L3-L5.5 variable, and all three low-gravity L3-L5.5 variables would have the highest amplitudes also at [4.5].
A consideration of all possible ways to choose three objects from eight shows that the three low-gravity variables would have the highest amplitudes among the eight variables in the L3-L5.5 bin in 3 8 2 7 1 6 = 1.8% of cases. That is, the result might appear 98.2% significant.
More generally, we would have likely considered any outcome that includes the amplitudes of the three low-gravity L3-L5.5 dwarfs among the top half in the bin. We also need to incorporate the four lowgravity L3-L5.5 dwarfs-including the individual near-equal flux components of the L3 + L5 binary SDSSp J224953.45+004404.2-that are not detected as variables. Otherwise, the exclusion of censored data could bias our conclusion. We test the significance of the result by combining all detections and non-detections in a Monte Carlo approach (see Section 6.1). To account for the diminished sensitivity to variations from either of the components of the L3 + L5 binary, we count it as two individual objects that are half as bright. We consider as positive any outcome that includes at least three detected low-gravity L3-L5.5 variables, with [3.6] or [4.5] amplitudes all in the top half of the L3-L5.5 bin. We find that this scenario arises at random in 8% of our simulations. That is, the association between low surface gravity and enhanced variability amplitude is 92% significant.
In arriving at the above conclusion, we have assumed that 2MASS J18212815+1414010 (L4.5) has low surface gravity. However, as already discussed in Section 2.2, while a moderately low surface gravity is the favored explanation for its spectroscopic appearance and galactic space motion, it is not unique. If we exclude 2MASS J18212815+1414010 from the above analysis, the association between low surface gravity and enhanced variability amplitude would not be significant.
In summary, while we can not conclude that low surface gravity leads to higher incidence of detectable variability, we find that low gravity may be correlated with higher 3-5 µm amplitudes among variable L3-L5.5 dwarfs.
L and T Dwarf Periods Range from 1 h to >20 h
A natural by-product of the Weather on Other Worlds program is the determination of rotation periods for L and T dwarfs. Indeed, the program is the most sensitive campaign to measure L and T dwarf rotations.
Our survey was designed to cover at least two <10 h rotation periods per object. The 10 h upper limit was partly motivated by the lack of v sin i < 10 km s −1 measurements among L and T dwarfs (e.g., Bailer-Jones 2004; Blake et al. 2010) , which imply spin periods of <12 h for one Jupiter-radius objects. Separately, all L and T dwarf photometric periods measured in high-cadence, intensive monitoring campaigns have been shorter than 9 h (Clarke et al. 2002 (Clarke et al. , 2008 Koen et al. 2005; Artigau et al. 2009, RLJ14) . However, we note that both the v sin i 10 km s −1 and the P 9 h constraints from previous surveys may well be selection effects: either related to the maximum resolving power (R ∼ 30000) of sensitive near-IR spectrographs (e.g., NIRSPEC on Keck), or to the diurnal cycle. While some variations with time scales >10 h have been reported in Bailer-Jones & Mundt (2001) and Gelino et al. (2002) , the sparse sampling of the light curves in these observations-once a night for ∼1 h over several nights-leaves a high probability that the detected frequencies may be aliases of shorter periods or even that the variability may be spurious. For example, Bailer-Jones & Mundt (2001) note that despite a peak in the periodogram of the L5 dwarf SDSSp J053951.99-005902.0 at 13.3 h, no clear pattern is seen in the object's light curve.
Our observations are most sensitive to periods shorter than 7 h-half of the 14 h channel 1 sequencemost of which we measure to 5% accuracy on the period or better. However, the 21 h in continuous channel 1 + 2 observations permit a probe of much longer periods for the first time.
Between six and nine of our 20 L3-T8 variables, i.e., approximately a third, have >10 h periodicities: a result uniquely enabled by our long uniterrupted observations. This set of objects comprises the six longperiod variables, and possibly some of the three irregular/long-period variables identified in Section 4.3. In the three most extreme cases, the light curves follow only slowly changing trends in our 14 h [3.6] AORs (2MASS J16154255+4953211 [L4β], 2MASS 175334518-6559559 [L4], and 2MASS J21481628+4003593 [L6]; Fig. 5 ). The case of 2MASS J175334518-6559559 is particularly unusual, as all that we observe over the entire 14 h [3.6] sequence is a linear trend. The estimated >50 h time scale for the trend is very uncertain. The unusually long time scale suggests a variability mechanism other than rotation. As we surmised in Section 4.3, we may be observing the effect of cloud evolution on an object that is vewied nearly pole-on.
The periods of our variables are shown as a function of spectral type in Figure 11 . Sixteen of our 21 variables have reliably determined rotation periods, including all eight regular, four irregular, and four of the long-period variables with high-SNR variations and <21 h periods. The periodic variables are shown as solid symbols with errorbars on Figure 11 . Thirteen of the periods are for objects that are newly discovered to be variable. We also confirm the previously established periods for 2MASSW J0036159+182110 (L3.5; Berger et al. 2005) , 2MASS J22282889-4310262 (T6; Clarke et al. 2008; Buenzli et al. 2012) , and 2MASS J11263991-5003550 (L4.5; RLJ14). We note that because of the limited time span of our observations, we technically can not exclude longer rotation periods for some of these objects. This is relevant especially to the irregular and to the long-period variables, even though much longer periods for the latter would be even more surprising. Our analysis does exclude any significant power at shorter periods for all of our objects. Hence, our periods and their quoted uncertainties may be strictly regarded as one-sided error bars giving lower, but not upper, limits to the periods.
The variability time scales of objects with uncertain periods, including the two longest-period variables and the three irregular/long-period variables, are shown either with open symbols without error bars, or as an upward pointing triangle (for 2MASS J175334518-6559559 [L4]) in Figure 11 . We retain >95% confidence in the existence of variability in these objects by comparison to the pool of >600 reference stars taken at random from the entire program (Section 4.1). However, we are unable to constrain the periods of these variables to better than a factor of ∼2.
Altogether, we have doubled the number of L3-T8 dwarfs with reliably measured rotation periods. In addition, our newly discovered L4-T2.5 population of slow (or pole-on) substellar rotators is ideal for establishing a grid of high-dispersion low-v sin i substellar standards.
THE OCCURRENCE OF SPOTS ON L AND T DWARFS
We combine the results on the spectral type distribution of L3-T8 variables with the limits on photometric sensitivity, and use Monte Carlo simulations (Sec. 6.1) to estimate the overall fraction of spotted L3-T8 dwarfs (Section 6.2). We discuss our results in the context of published near-IR surveys in Section 6.3.
Correcting for Incompleteness with Monte Carlo Simulations
We simulate the effect of our photometric precision limits on detecting [3.6]-and [4.5]-band variability as a function of target brightness. Our main assumptions are that: (1) the maximum [3.6]-band variability amplitude increases monotonically as described by Equation 5 and evidenced in Figure 9 , and (2) small-amplitude variations are likely at all spectral types. Several independent factors support the second assumption. First, we already noted that there is no significant empty phase space between most variability detections and the majority of non-detections on the amplitude vs. magnitude diagrams in Figure 7 (Sec. 4.4). Second, the distribution of the logarithm of the [3.6]-band amplitudes (log A[3.6]) on Figure 7 is approximately uniform at each spectral type bin. Finally, the fraction of variables toward later spectral type bins decreases along with the relative decrease in log(A)-magnitude phase space above the detection limits in Figure 7 . Hence, we conclude that low-amplitude variables likely exist even at late spectral types, where they may have been below our sensitivity threshold. Figure 9 offers an independent assessment of the assumed amplitude vs. spectral type relation. The approximately uniform distribution in log A[3.6] is again evident in the L dwarfs in either of the L3-L5.5 Fig. 11. -Estimated period as a function of spectral type. Solid circles with errorbars show objects with well-determined periodicities, for which we believe that we have the rotation period. Open symbols are objects with unreliable periods, with uncertainties of ≥50%. An upward-facing triangle denotes the 50-hr lower limit on the periodicity of 2MASS 175334518-6559559 (L4). Reliably measured L3-T8 dwarf rotation periods from Koen (2004 Koen ( , 2013b Girardin et al. (2013) , and RLJ14 are shown with the '×' symbol. We have not included all L3-T8 periods compiled in , as these contain variables that have not withstood independent confirmation. or L6-L9.5 spectral type bins. A gap at ∼2% amplitudes might exist among the T dwarfs, but with only six T variables (five at [3.6] and a different set of five at [4.5]), the existence of such a gap is not significant in either of the IRAC bands. Overall, the data are consistent with an increase in the number of variables toward lower amplitudes at a fixed spectral type. An inverse proportionality in the frequency of variables as a function of amplitude at a fixed spectral type is the lowest order approximation of this trend. Our sample statistics are insufficient to seek a higher-order description.
The bright targets in our sample are L dwarfs, among which we observe that the presence of lowamplitude variations is independent of spectral subtype. Therefore, we treat all L dwarfs the same, and correct for incompleteness down to the lowest detected amplitudes: 0.2%. We can not confirm whether low-amplitude variations exist throughout the T spectral type because of poorer sensitivity. We therefore limit our incompleteness correction in the T dwarfs to higher variability amplitudes: >0.4% at [3.6] or [4.5] . This threshold corresponds to the 95% upper limits for approximately half of our T dwarfs.
Our Monte Carlo simulations aim to reproduce the observed variability characteristics of the unresolved sample of 39 objects-23 L dwarfs and 16 T dwarfs-in our Weather on Other Worlds program. We use the ensemble detection rates from Figure 7 (dashed lines) to gauge whether a simulated variable is detected. We set the probability of detecting a simulated variable from the fraction of observed variables in the corresponding amplitude vs. magnitude phase space between the detection rate curves. For example, if a target's simulated [3.6]-band magnitude and variability amplitude fall in the 20% detection rate band (left panel of Figure 7 ), the simulated target is given a 20% chance of being detected as a variable. Simulated L3-T1 variables are given a finite probability of being irregular, in which case the more conservative, nonsinusoidal upper limits discussed in Section 4.4 apply.
We note that the detection rates may slightly underestimate the actual completeness in the intermediate (20% or 23%) or non-detection (0%) regions, inasmuch as not all of the upper limits track the upper boundaries of these regions. That is, it is possible for a simulated variable to have an amplitude slightly larger than the upper limit for the corresponding sample target, and that it yet falls below the 100% completeness region. Such a variable would be given the nominal completeness-dependent probability of being detected, i.e., 0% or 20%/23%, when it should have been much more readily detected if its amplitude was above the 95% upper limit of the sample target. Nonetheless, we note that the 95% upper limits themselves are derived under object-specific variability assumptions, and that various data-dependent factors induce a scatter in the upper limits at similar object magnitudes (Sec. 4.4). Conversely, the ensemble detection rates are expected to be representative of our magnitude-dependent completeness, under the assumption of a continuous distribution of amplitudes. Hence, we retain the 100%, 20%/23%, and 0% detection rates as actual completeness estimates for our simulations. The input rates of variability in each of the L and T spectral types and the fraction of irregular L3-T1 dwarfs were treated as free parameters that were adjusted until the simulations matched the detected variability frequencies: 14/23 (61%) in the L dwarfs and 5/16 (31%) in the T dwarfs, with 6/15 (40%) of L3-T1 variables being irregular. Our observational results offer additional validation checks, such as the fraction of single-band variables (3/19 at [3.6] and 1/19 at [4.5] ), the fraction of high-amplitude (>1%) variables at each band (6/18 at [3.6], 8/15 at [4.5] ) and at each spectral type (4/14 at L, 5/5 at T), etc. The simulations were able to reproduce all of the observed properties of our sample to satisfactory approximation. We found that the input fraction of irregular L3-T1 variables only weakly affects the outcome of the simulations, mostly because the L dwarfs in our sample are relatively bright, and the majority have variability amplitudes well above the 0.2% minimum threshold. Input L3-T1 irregular fractions near 50% produced results that were most consistent with the various aspects of the data.
Spots Are Ubiquitous on L3-T8 Dwarfs
Our Monte Carlo simulations show that 80% of L dwarfs are variable at >0.2% between 3-5µm, with a 95% confidence interval on the variability fraction of 53%-100%. The result is fully consistent with the variability frequency of the brightest subset of our targets-all L dwarfs-for which we are nearly complete to 0.2% [3.6]-band amplitudes: among the ten L dwarfs brighter than [3.6] = 12 mag, eight are variable. This agreement independently validates our incompleteness correction.
The detection of spot-induced brightness variations depends on viewing geometry. The median spin axis inclination of an object is i = 60
• . A single spot between 60
• -90
• latitude will appear to rotate in and out of sight, and so cause significant rotationally-modulated variations, only when i > 60
• : i.e., in less than half of the cases. More generally, if spots can occur with equal probability per unit area anywhere on the surface of a brown dwarf, a spot will be always out of view on average in 11% of cases, and always in view in another 11% of cases. We would not detect any variations from a brown dwarf with a single dominant spot in the former 11% of cases. In the latter 11% of cases, when a spot is permanently in view, variations may be detectable only if there is substantial periodic modulation of the visible cross-section of the spot, or if the spot itself varies in intensity. Given such geometric incompleteness, our finding that 80% of L dwarfs are variable is fully consistent with all L dwarfs having spots. Some spotted L dwarfs may simply not produce rotational variations because the spots are never visible or always in view.
The incompleteness-corrected variability fraction for T dwarfs at >0.4% amplitudes is a factor of ∼2 lower: 36%, with a 95% confidence interval of 19% to 62%. For comparison, if we only consider L dwarfs with >0.4% amplitudes, 53% are variable, with a 95% confidence interval of 35% to 69%. Overall, at amplitudes of >0.4% the variability fractions among L and T dwarfs are consistent.
We have no reason to suspect that T dwarfs do not exhibit smaller, <0.4% amplitude variations in the Spitzer bands. The low-amplitude ( 1%) T dwarf detections from our program merge smoothly with the non-detections, suggesting continuity of amplitudes even below our detection limits. In addition, the ∼50 min light curves of several of the T dwarfs in the B14 HST spectroscopic survey show very shallow gradients over certain wavelength ranges, while at other wavelength ranges the gradients are stronger. That is, the B14 data indicate that low-amplitude 1.1-1.7 µm variations exist among the T dwarfs, too. It is reasonable to assume that low amplitudes can extend to the 3-5 µm region, and that we have simply missed them because of our poorer sensitivity on T dwarfs.
Summarizing the above evidence, we conclude that spots are present on virtually 100% of L3-L9.5 dwarfs, and probably also on most T0-T8 dwarfs.
6.3. Comparison between the 3-5 µm and the 1.1-1.7 µm Variability Trends Summarizing the relevant results from our Spitzer program: (1) after correcting for incompleteness, we find that 80% +20% −27% of L3-L9.5 dwarfs vary with peak-to-peak amplitudes >0.2% and and 36% +26% −17% of T0-T8 dwarfs vary at >0.4%, (2) there is no evidence for enhanced occurrence of variables at the L/T transition, and (3) there is a continuous trend of increasing maximum amplitude throughout the L3-T8 sequence.
The result that variability-inducing spots are common has already been suggested from the two most sensitive 1.1-1.7 µm ground (RLJ14) and space-based (B14) surveys. RLJ14 find that 7/41 (17%) of their L4-T9 dwarfs vary, with an enhanced variability fraction, 5/16 (31%), for spectral types between L9-T3.5. After marginalizing over spin-axis orientations, RLJ14 find that 53% of their L/T-transition (L9-T3.5) dwarfs would be variable with >2% amplitudes at J band. Similar conclusions are echoed in R14's combined analysis of the RLJ14 and Wilson et al. (2014) surveys. B14 correspondingly find that at least 27% of L5-T6 dwarfs are variable, independent of spectral subtype, and estimate that the intrinsic variability rate may be as high as 50%. Our Weather on Other Worlds Spitzer program is more sensitive than either survey because of the factor of ∼10 better photometric precision compared to RLJ14 and the factor of ∼30 longer continuous on-target integrations than in B14. Hence, our higher variability fractions are consistent with the previous findings, and conclusively demonstrate that spots are ubiquitous on L dwarfs, and probably also on T dwarfs.
The second result is in marginal disagreement with the findings for an enhanced fraction of largeamplitude (>2%) J-band variables at the L/T transition by RLJ14 and R14. While two of our three >2% amplitude variables are at the L/T transition, the occurrence rate of such 3-5 µm amplitudes in the L9-T3.5 spectral type range is 2/15 (13%): lower than, even if formally consistent with the 25% and 24% +11% −9% frequencies in RLJ14 and R14. If we decreased the threshold defining a large amplitude in the Spitzer IRAC bands to 1%, then the occurrence of >1% variables between L9-T3.5 becomes 4/12, or 33%: in closer agreement with the RLJ14 and R14 fundings for large-amplitude variables. However, we note that L9-T3.5 dwarfs are not unusual as >1% variables at 3-5 µm compared to L6-L8 dwarfs (3/7; 43%) or T4-T8 dwarfs (2/7; 29%). That is, L/T-transition dwarf variability does not stand out at 3-5 µm as it does at J band.
It is tempting to interpret this discrepancy in the context of cloud models, since different wavelengths probe different pressure levels and depths in opacity-dependent fashion. The J-band flux arises from deeper regions with higher atmospheric pressures (∼10 bar), while the [3.6]-and [4.5]-band flux originates on average at lower pressures (∼1 bar) and higher altitudes. Any difference between the two sets of results might suggest that J-band observations are more sensitive to silicate cloud break-up, expected to occur just above the 10 bar pressure level in L/T transition objects, while the 3-5 µm photometry is sensitive mostly to changes in the higher-altitude atmospheric structure. Brightness temperature variations at these higher altitudes may also be affected by other processes, such as temperature fluctuations in the outermost convective layer of the atmosphere (Robinson & Marley 2014; Zhang & Showman 2014) .
More generally, different wavelengths probe not only different pressure levels and temperatures, but a convolution of these factors with the cloud cover and the source function. Spectroscopic observations over a larger set of distinct wavelengths may therefore reveal a more nuanced picture. Thus, the smaller (22-object) HST survey of B14 finds a more uniform frequency of 1.1-1.7 µm variables between L5 and T6 spectral types. In particular, the broader set of wavelengths and the higher precision of the B14 HST spectroscopic measurements contribute a large fraction of mid-L and mid-T 0.5%-1.0% variables compared to RLJ14. Unfortunately, the much shorter duration of their observations, only 40 min per target, precludes B14 from measuring the variability amplitudes. Overall, the existence of significant 1.1-1.7 µm variations from brown dwarfs outside of the L/T transition, as observed by both RLJ14 and B14, agrees with our 3-5 µm findings.
The third result, of an increasing maximum amplitude throughout the L and T spectral types is unique to the 3-5 µm region. The RLJ14 and R14 J-band results reveal a significant peak in detected amplitudes in the L9-T3.5 range. The B14 1.1-1.7 µm HST snap shot survey is not sensitive to amplitudes; only to the time derivatives of the variations. Once again, the discrepancy with the RLJ14 and R14 results is suggestive of a difference in the atmospheric processes at the respective pressure levels and altitudes. However, to the extent that the RLJ14 and R14 analyses can not rule out a gradual rise of J-band amplitudes into the L/T transition, the J-band and the 3-5 µm data are consistent with each other.
Comparisons with variability studies at other wavelengths are a powerful tool to derive the cloud structure of brown dwarfs. The two variables that our survey shares in common with RLJ14 and R14 have differing amplitudes. The T6 dwarf 2MASS J22282889-4310262 has peak-to-peak amplitudes of Metchev et al. (2013) , and Gillon et al. (2013) clearly demonstrate that the amplitude of variations can change significantly on the time scale of several rotation periods. The long time span between the RLJ14 J-band and our 3-5 µm observations precludes joint constraints on the cloud structure. The two-band Spitzer observations alone can be used on individual objects as in Heinze et al. (2013) . As we discussed in Section 5.3, the ensemble of results from our program does not paint a simple uniform picture of small hot spots on a prevailing colder surface vs. small cold spots on a prevailing hotter surface.
The only conclusion that we draw at present from the maximum 3-5 µm amplitudes vs. spectral type trend is that the maximum flux contrast between warm and cold regions gradually increases toward cooler brown dwarfs.
CONCLUSION
The Weather on Other Worlds Spitzer Science Exploration program is the most sensitive large survey for photometric variability in brown dwarfs. Our sample comprised 44 L3-T8 dwarfs: 25 L and 19 T dwarfs. These included seven systems-eight unique targets-with low or moderately low surface gravities selected in order to seek a correlation with variability. A known L3.5 radio-emitting dwarf was included as a test case for the effect of magnetic activity at the warm end of our sample. A subsample of 23 L and 16 T dwarfs-all spatially unresolved-was used to infer the variability properties of L3-T8 dwarfs. We summarize the new findings below.
1. Photometric variability is common among L3-T8 dwarfs, with 19 of the 39 (49% ± 15%, 95% binomial confidence interval) single objects detected as variables at the >95% confidence level.
2. The rate of variability detection is approximately twice as high among L dwarfs than among T dwarfs: 61% +17% −20% vs. 31% +25% −17% . However, the difference is likely a consequence of our poorer photometric precision on the fainter T dwarfs. 4. A further consideration of the randomness of spin-axis orientations demonstrates that spots are likely ubiquitous on L dwarfs, even if they do not always produce detectable variability. Given the similar fraction of >0.4% amplitude variables among L and T dwarfs, spots are likely present on most T dwarfs, too.
5. The observed variability amplitudes range from 0.2%-4.6%, with the smallest amplitudes found among L3-L5.5 dwarfs: a selection effect because of their greatest apparent brightness. The maximum observed amplitude increases monotonically as a function of spectral type through the mid-T dwarfs. Few L dwarfs have >1% amplitudes and only T dwarfs have >2% amplitudes.
6. We find tentative (92% confidence) evidence that among L3-L5.5 dwarfs that are variable, the lowgravity ones may have higher 3-5 µm amplitudes than their field-aged counterparts. However, we can not confirm that surface gravity also affects the frequency of variability among L3-L5.5 dwarfs.
7. A significant fraction of the variables have irregular light curves that require multiple Fourier terms to fit adequately. At least three, and potentially as many as six of the 19 variables in the unresolved sample are irregular. The known radio-emitting L3.5 dwarf that was deliberately added to our survey is also an irregular variable. All irregular variables have spectral types of T0.5 or earlier. The high occurrence of irregular variables in the L dwarfs points to complex spot patterns, including multiple and/or rapidly changing spots.
8. We have doubled the number of L3-T8 dwarfs with reliably measured rotation periods. L3-T8 dwarf variability time scales range from 1.4 h to >20 h, where the upper end of the range is limited by the 21 h duration of our uninterrupted observations. 9. Between six and nine of our total sample of 21 variables, i.e., approximately a third, show >10 h periods.
Likely not all of these periodicities reflect rotation, as at least one curve suggests spot evolution on a pole-on rotator. This new population of L4-T2.5 slow (or pole-on) substellar rotators is ideal for establishing a grid of high-dispersion spectra of low-v sin i substellar standards.
10. We find a notable absence of correlation between the [3.6]-and [4.5]-band amplitudes. The [4.5]/[3.6] amplitude ratios scatter randomly around unity, and are not correlated with spectral type. In the context of cloudy models, this indicates that either small warm spots on cooler atmospheres or small cold spots on warmer atmospheres are equally likely.
We compare our results to the largest and most sensitive 1.1-1.7 µm L and T dwarf variability surveys Buenzli et al. 2014) . Our findings extend the results from these studies with variability detection fractions that are factors of 1.5-3 higher: because of the greater sensitivity to both amplitudes and longer periods in our uninterrupted 21 h observations. Overall, all three surveys point to variability being common in L and T dwarfs. We do not find increased variability fractions or uniquely high amplitudes at the L/T transition, as reported in Radigan et al. (2014) and Radigan (2014) . Part of the discrepancy may be attributed to the difference in sensitivity limits and to sample stochastics. However, the comparison is also suggestive of differences in the cloud structure appearance at 1.1-1.7 µm and 3-5 µm wavelengths.
The unprecedented sensitivity of our survey further allows us to conclude that, upon correcting for incompleteness, spotted brown dwarfs are not only common, but probably ubiquitous. This reinforces the utility of variability-based studies to characterize the cloud and atmospheric properties of brown dwarfs. In particular, our data set will be very suitable for Doppler imaging observations of brown dwarf clouds as performed by on Luhman 16B. Our sample provides both accurate periods needed for the phase folding of high-resolution spectroscopic observations, and slowly rotating brown dwarfs for leastsquares deconvolution. Furthermore, our finding that variability amplitudes may be enhanced at low surface gravities reveals a tantalizing potential for variability studies of directly imaged exoplanets (Kostov & Apai 2013 ), e.g., with the Gemini Planet Imager on the Gemini South telescope or with SPHERE on the Very Large Telescope. High-contrast variability monitoring will also be an important tool for exoplanet characterization with the James Webb Space Telescope. The present 3-5 µm findings will serve as a basis for the interpretation of these future observations. L3β ( period, and fitting the joint data set. 4. Because of a period longer than the observing sequence, the amplitude in one or both Spitzer channels can not be determined.
